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1. Introduct ion 
Photosystem lI (PSII) is a pigment-protein com- 
plex found in the thylakoid membranes of plants, 
algae and cyanobacteria which drives light-induced 
electron transfer from water to plastoquinone with the 
concomitant production of molecular oxygen. Upon 
absorption of a photon by chlorophylls bound to 
other pigment-protein complexes known as the light 
harvesting complexes (LHCII), the excitation energy 
is ultimately transferred to the primary donor P68o, the 
structure of which is currently under debate (see 
Refs. [55,220] and references cited therein). The exci- 
tation of P<-~80 leads to a transmembrane charge sepa- 
ration whereby an electron is transferred from P680 to 
a pheophytin molecule which is assumed to be bound 
by the D1 protein by analogy to the purple bacterial 
reaction centre. In order to stabilise the separated 
charges, the electron is further translocated to the 
primary quinone acceptor QA and from there to the 
secondary quinone acceptor QB which are both 
quinones located near the stromal side of PSII. After 
a second charge separation, QB becomes doubly re- 
duced, protonated, and is then released into the thyl- 
akoid membrane. It is subsequently replaced by an 
oxidised quinone from the quinone pool (see Ref. 
[54] and references cited therein). 
The oxidised primary electron donor P(~o is re- 
duced by a redox-active tyrosine residue, Tyr z, which 
is located on the D1 protein. Tyr~ itself is reduced 
by a cluster of four manganese ions situated on the 
lumenal side of the membrane. In a series of four 
successive charge separations, four positive charge 
equivalents are accumulated at or close to the man- 
ganese cluster. After the fourth charge separation, 
two molecules of water become oxidised forming one 
molecule  of oxygen (rev iewed in Refs. 
[54,181,187,188]). 
The structure and location of the manganese clus- 
ter are currently a field of intensive research. PSII is 
a large complex with many subunits, most of which 
are integral membrane proteins while others are pe- 
ripherally associated with it [10,54,225]. The smallest 
PSIl complex capable in water splitting consists of at 
least 8 polypeptides (see Fig. 1): the two reaction 
centre subunits DI and D2 (which bind P68o, two 
pheophytins and probably the two quinones QA and 
QB), the cytochrome b-559 whose function is un- 
known, the chlorophyll a binding proteins CP47 and 
CP43, the extrinsic 33 kDa polypeptide, and at least 
one small membrane spanning protein (PsbI protein) 
with a molecular weight below 10 kDa [10,54,225]. 
Extensive mutational analysis of almost all of these 
subunits uggested the DI protein as the major man- 
ganese binding protein (reviewed in Ref. [54]). The 
distance between Tyr z and the manganese cluster is 
currently under debate. Distances between 4.5 A and 
greater than 15 /~ have been suggested [12,72]. 
At the time of their discovery, the extrinsic poly- 
peptides of PSII from higher plants, the so-called 33, 
23, and 16 kDa polypeptides, were thought to be 
directly involved in water splitting since the removal 
of the 23 and the 16 kDa polypeptides led to a 
(partial) inactivation of oxygen evolution [4,117] and 
the removal of all three extrinsic polypeptides by 
alkaline Tris-washing [3,116,239] to a total loss of 
activity with concomitant release of manganese. In 
addition, there were reports of the isolation of the 33 
kDa protein (and others) with bound manganese 
[1,243]. However, the release of the 23 and 16 kDa 
polypeptides was later found to be associated with a 
release of Ca 2+ [40,70] and C1- [8,51,163] which 
turned out to be the sole cause of loss of activity. 
Moreover, methods were developed by which the 33 
kDa polypeptide could be released without concomi- 
tant release of manganese [151,169]. These findings 
demonstrated that the extrinsic polypeptides do not 
provide the major binding site for the manganese 
cluster. 
In this review the role of the extrinsic proteins in 
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Fig. 1. A schematic model of Photosystem 1I. 
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oxygen evolution and their location will be discussed 
(Section 4, 5). In addition, a section on the biosynthe- 
sis and the protein import into the thylakoid lumen of 
these proteins has been included (Section 3), reflect- 
ing the recent improvement in the understanding of
this area. The stoichiometry of the extrinsic poly- 
peptides and an overview over their isolation is given 
in Section 2. 
Several different nomenclatures are used in the 
literature for the extrinsic polypeptides. The three 
extrinsic polypeptides of higher plant Photosystem II 
are usually named according to the apparent molecu- 
lar mass of the spinach proteins on SDS-gels. The 
apparent molecular masses of the polypeptides from 
higher plants are 33 kDa (sometimes 34 kDa), 23 (or 
24) kDa and 16-18 kDa. Their true molecular masses 
have been determined by protein and/or DNA se- 
quencing yielding values of 26.5, 20 and 17 kDa, 
respectively [99,168,219]. The genes for the extrinsic 
polypeptides have been named psbO, psbP and 
psbQ. Occasionally the corresponding proteins are 
referred to as PSII-O, PSII-P and PSII-Q. In Chlamy- 
domonas reinhardtii the polypeptides are named oxy- 
gen-evolving enhancer (OEE) 1, 2 and 3 where OEE1 
is the largest, and OEE3 is the smallest polypeptide. 
In cyanobacteria only the largest of the three poly- 
peptides exists [209]. The gene for that protein has 
been termed psbO, psbl or woxA (for water-oxidis- 
ing). The largest polypeptide is also sometimes re- 
ferred to as manganese-stabilising protein. In this 
review the extrinsic polypeptides will be referred to 
as 33, 23 and 16 kDa polypeptides. 
In cyanobacteria, lthough the 23 and 16 kDa 
polypeptides have not been found, one or two other 
extrinsic polypeptides exist on the lumenal side of 
PSII. These are the low-potential cytochrome c-550 
and a polypeptide of 9-12 kDa. The latter was found 
until now only in thermophilic yanobacteria. The 
gene for cytochrome c-550 has been termed psbV 
[2051. 
2. Stoiehiometry and isolation 
2.1. The stoichiomet~' of the extrinsic polypeptides 
The stoichiometry of the 33, 23 and 16 kDa poly- 
peptides was determined to be 1:1:1 [9,160]. How- 
ever, different numbers of polypeptides on a per 
reaction centre basis have been reported. A ratio of 
one 33 kDa polypeptide per PSII reaction centre has 
been estimated by rocket immuno-electrophoresis, ra- 
dial immuno-diffusion a d densitometry of Coomassie 
blue-stained SDS-gels [9,160]. Scatchard blot analy- 
sis of reconstitution experiments of the 23 kDa 
polypeptide to NaCl-treated PSII resulted in a ratio of 
one 23 kDa polypeptide per PSII [155]. In a cross-lin- 
king experiment, he total disappearance of the 33 
kDa protein and CP47 with concomitant appearance 
of a 80 kDa cross-linked product (33 kDa protein- 
CP47) was observed in SDS-gels and Western blots 
[59]. This was taken as evidence for a l:l stoichiom- 
etry of the two proteins. However, no evidence was 
presented that the cross-linked product contains the 
two proteins in a l:l ratio. Moreover, at the high 
concentration of cross-linker used, it is possible that 
proteins became modifed so that they did not focus 
during SDS-gel electrophoresis. 
Low resolution structures of PSII were obtained by 
several groups using electron microscopy of single 
PSII particles or of two-dimensional crystals. Re- 
cently, difference maps of intact and Tris-washed 
PSII were obtained [21,65,90,190], see also Ref. [79] 
and electron densities were assigned for the 33 kDa 
polypeptide [21] or all three extrinsic polypeptides 
[65,90]. The results obtained favoured a ratio of one 
extrinsic polypeptide per PSII. However, the assign- 
ment of the differences in electron density to the 
extrinsic polypeptide(s) are weakened by the fact that 
differences in electron density due to conformational 
changes in the intrinsic proteins were also observed. 
A ratio of two 33 kDa polypeptides per PSII 
reaction centre was estimated by immuno-quantifica- 
tion of the 33 kDa polypeptide in Western blots 
[235]. Recently rebinding experiments were per- 
formed with PSII preparations lacking the 33 kDa 
protein which were proposed to differ in their man- 
ganese content (0, 2 and 4 manganese per PSII) 
[127]. In these reconstitution studies the data were 
fitted with two binding constants. However, this fit- 
ting might not be justified because of the scattering 
of the data. Another problem might be that the sam- 
ples contain a heterogeneity in the manganese content 
per reaction centre. Even the most intact PSII prepa- 
rations contain a fraction of reaction centres without 
functional manganese complex. This fraction might 
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be larger after the CaC12-treatment since the man- 
ganese complex is rather instable in the absence of 
the 33 kDa polypeptide. A heterogeneity in the man- 
ganese content might also exist in the sample which 
was supposed to contain an average of 0 and 2 Mn 
per PSII, which was not proven. Therefore, it cannot 
be excluded that the two binding constants found 
originate from two (or more) populations of PSII 
reaction centres which differ in their manganese con- 
tent. If there are two binding sites for the 33 kDa 
polypeptide in PSII then they seem to be of very 
similar affinity. 
The ratio of two 33 kDa polypeptides per PSII was 
supported by the analysis of the amount of unbound 
33 kDa polypeptide in a similar reconstitution experi- 
ment. Betts et al. [18] found that in reconstitution 
studies where the 33 kDa polypeptide was incubated 
with urea/NaCl-treated PSII at molar ration of 2:1, 
90% of the 33 kDa polypeptide was rebound, whereas 
only two-thirds of the 33 kDa polypeptide was bound 
when the ratio was 3:1. However, this is in clear 
contradiction with the findings of Miyao and Murata 
[155]. 
In summary, up to now most studies indicate that 
the ratio of 33 kDa polypeptide per reaction centre is 
1:1, whereas the more recent studies indicate a ratio 
of 2:1. Assuming that there are two 33 kDa poly- 
peptides per PSII reaction centre, both have (almost) 
the same affinity [127]. This makes it difficult to 
distinguish between the two binding sites. It is not 
clear whether both 33 kDa polypeptides are involved 
in oxygen evolution. One possibility to distinguish 
the two binding sites would be site-directed mutagen- 
esis of amino acid residues of the 33 kDa polypeptide 
which might be involved in binding to PSII. This 
might lower the affinity of only one of the two 33 
kDa polypeptides bound to PSII and could provide 
further evidence for a ratio of two 33 kDa poly- 
peptides per PSII reaction centre. 
2.2. Isolation of the extrinsic polypeptides 
The extrinsic polypeptides are usually isolated by 
procedures which involve their release from PSII-en- 
riched membranes and then their purification by an- 
ion exchange chromatography. Solutions of 1 M NaC1 
extract he 23 and 16 kDa polypeptides [4,117] along 
with some contaminants, including DNA [149]. The 
disadvantage of this procedure is that the poly- 
peptides often become degraded, in the subsequent 
dialysis, by protease(s) released from the PSII mem- 
branes and activated by the NaC1 treatment [118]. 
Two proteases involved in the degradation of the 
polypeptides have been characterised recently 
[121,122]. The polypeptides can be purified more 
easily when they are released by washing PSI| with 1 
M CaC12 [169] or 1 M Tris (pH 8.8) [239] or by 
butanol/water phase partitioning [241]. The subse- 
quent dialysis of CaCl2-extracts does not lead to any 
degradation. Either the protease(s) are not released or 
they are not activated by CaC12. Because of their 
quite different isoelectric points (pI = 5.1, 6.5 and 9.2 
for the 33, 23 and 16 kDa polypeptides, respectively 
[114,242]), the three polypeptides can be quite easily 
separated by ion exchange chromatography [ 118,241 ] 
or by isoelectric focusing [242]. Since the 23 kDa 
polypeptide has some tendency to aggregate with 
itself or with the 33 kDa polypeptide at low ionic 
strength, it was found that a high salt concentration 
should be maintained throughout the isolation proce- 
dure. 
A selective xtraction procedure for the isolation 
of each polypeptide has been described [240]. The 16 
kDa polypeptide can be selectively released by a 
treatment with 0.5 M NaC1 in the presence of 20% 
methanol. Then, the 23 kDa polypeptide can be re- 
leased by a subsequent treatment with 2 M NaC1 and 
finally the 33 kDa polypeptide is removed using 0.8 
M Tris (pH 8.4). 
Higher yields of the extrinsic polypeptides were 
obtained when they were directly extracted from 
thylakoid membranes by treatment with cold acetone. 
However, this procedure requires more chromato- 
graphic steps for their purification since several pro- 
teins from protein complexes other than PSII were 
also extracted [9,100,115]. 
The cytochrome c-550, which has a redox mid- 
point potential of -260  mV [89] has been isolated 
from various cyanobacteria. Previously, this cy- 
tochrome was assumed to be involved in secondary 
electron transfer eactions in the cytoplasm, but re- 
cent investigations suggested a role in oxygen evolu- 
tion [202-204]. Particularly clear evidence against a 
role in the secondary electron transfer is that the 
cloned genes for cytochrome c-550 were found to 
encode precursor proteins with N-terminal thylakoid 
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transfer peptides [165,205], indicating that the pro- 
teins are localised in the thylakoid lumen or in the 
periplasm. The binding strength of this cytochrome to 
PSII, and therefore the method for its release, varies 
significantly depending upon the species. The protein 
can be released from the thylakoid membrane or PSII 
by treatment with various salts [88,205] or detergents 
[86,113,165]. However, in some species it is already 
released uring cell breakage [165]. 
3. Biogenesis and protein import 
3.1. Protein expression 
Photosystem II from higher plants and green algae 
consists of protein subunits which are both chloro- 
plast and nuclear-encoded. The 33, 23 and 16 kDa 
extrinsic polypeptides of PSII are all nuclear-encoded 
[99,219] and their translation takes place at soluble 
ribosomes in the cytoplasm. Little is known about the 
regulation of the expression of these extrinsic poly- 
peptides, in particular, the mechanism by which their 
expression is coupled to the expression of the chloro- 
plast-encoded PSII subunits remains poorly under- 
stood. 
The influence of light on the amount of mRNA 
and protein synthesised has been studied in various 
plants. The mRNA level of the 33 kDa polypeptide in 
etiolated spinach plants is only one-tenth of that in 
plants grown under white light, although no signifi- 
cant difference in the amount of accumulated protein 
has been observed [177,234]. Moreover, anti-sense 
RNA expression led to a decrease of the 23 and the 
33 kDa polypeptide mRNA to lower then 10% and 
5%, respectively, without any decrease in the protein 
level [177]. Etiolated barley plants contain approx. 
50% of the 33 and 23 kDa polypeptide compared to 
plants grown under white light, whereas the 16 kDa 
polypeptide is only present in trace amounts [189]. 
However, no analysis of the mRNA levels were 
presented. 
The dependence of the mRNA levels for the 23 
kDa protein on the wavelength of light under which 
the seedlings were grown was also investigated [233]. 
The amount of mRNA formed was stimulated by 
far-red light, indicating phytochrome control of tran- 
scription. However, up to 25% of mRNA could also 
be observed in dark-grown plants compared to plants 
grown under red light. No data on the amount of 
protein present in the plant cells have been shown. 
Overexpression of the 23 kDa polypeptide in to- 
bacco [177] or of the 33 kDa polypeptide in Chlamy- 
domonas reinhardtii [135] resulted in an increased 
mRNA and protein level. This indicates that there is 
no feedback regulation for the expression of these 
polypeptides. 
In conclusion, an mRNA level lower than in plants 
grown under normal conditions results in an increase 
of translation but over-expression of the genes does 
not lead to reduced translation of the mRNAs. Except 
for the 16 kDa polypeptide from spinach, the effect 
of light on the protein level in the plants is not 
dramatic. 
In contrast o etioplasts of higher plants, there is 
no 33 kDa polypeptide present in etioplasts of dark- 
grown Euglena gracilis Z [158]. When dark-grown 
Euglena cells were illuminated, the amount of the 33 
kDa polypeptide increased in parallel with the devel- 
opment of oxygen-evolving activity. However, the 
appearance of electron transfer from Tyr z to QB 
developed much faster than oxygen evolution [158]. 
Therefore, the accumulation of the 33 kDa protein 
seemed to be the rate-limiting step in the assembly of 
PSII in this species. The presence of the extrinsic 
polypeptides in etioplasts of higher plants might al- 
low the faster development of oxygen-evolving activ- 
ity upon illumination. The minimisation of the length 
of time that each PSII must spend prior to its acquisi- 
tion of oxygen evolution would be desirable consider- 
ing the potential for photodamage in centres without 
a stable manganese complex. Due to a very different 
life cycle, Euglena might not need the fast adaptation 
to light. 
3.2. Protein import 
The three extrinsic polypeptides of PSII are trans- 
lated on soluble ribosomes in the cytoplasm as pre- 
cursor polypeptides carrying N-terminal transit pep- 
tides which consist of two domains. The first domain, 
the so-called chloroplast-targeting domain, directs the 
precursor polypeptides into the stroma of the chloro- 
plasts where it is cleaved. This process will not be 
discussed here in detail since the extrinsic poly- 
peptides represent only a minor fraction of the im- 
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ported proteins. Readers interested in this topic should 
consult Refs. [52,77,106] for recent reviews. 
The second domain of the transit peptide, the 
so-called thylakoid transfer domain, directs the poly- 
peptides into the thylakoid lumen where they are 
processed to their mature form. The transfer of the 
three extrinsic polypeptides across the thylakoid 
membrane shows some similarities to protein translo- 
cation in bacteria. Indeed, the thylakoid transfer do- 
main of the transit peptides is similar to bacterial 
signal peptides which direct proteins into the 
periplasm (Fig. 2) [228]. The N-terminal part is vari- 
able in length, hydrophilic, and has a net positive 
charge; the central part is hydrophobic and its sec- 
ondary structure is predicted to be a-helical; the 
C-terminal part usually contains alanine residues in 
E.coli-lamB 
E.coli-lamB 19K 
MMITLRKLPLAVAVAAGVMSAQAMA 
MMITLRKLPLAVAVAAGVKSAQAMA 
Spinach-PC 
Spinach-33 kDa 
Spinach-23 kDa 
Spinach- 16 kDa 
Pea- 16 kDa 
Barley-PsaN 
Cotton-PsbT 
Spinach-PPO 
Synechocystis-33 kDa 
Synechococcus-33 kDa 
Anabaena-33 kDa 
S.elongatus-33 kDa 
Synechocystis-PC 
Synechocystis-cyt c-553 
Synechococcus-cyt c-553 
Anabaena-cyt c-553 
Synechocystis-cyt c-550 
Synechocysfis-PsaF 
. . .KNVGAAVVATAAAGLLAGNAMA 
...KLAGLALATSALI ASGANA 
. . .RRLALT-VLIGAAVGSKVSPADA 
. . .R~LGFVAAGLASGSFVKAVLA 
. . .RRAVIGLVATGIVGGALSQAA~A 
. . .RRSALLGLAAVFAATAASAGSARA 
. . .R~EMM-FAAAAAAICSVAGVATA 
. . .RRNILLGLGGMYAALGSEGANYYNTLA 
MGFRPSIVALLSVCFGLLTFLYSGSAFA 
MRYGAFLAAFLAVCLGVLTACSSGPTAA 
MRY_RALIVAILAVCLGLLTACSE~SASS 
MKYRILMATLLAVCLGIFSL SAPAFA 
MSKKFLT ILAGLLLWSSFFLSVSPAAAA 
MFKLFNQASRIFFGIALPCLIFLGGIFSLGNTALA 
MKRIL-GTAIAALVVLL-AFIA PAQA 
MKKIFSLVLLG-IALF -TFAFSSPALA 
MKR-FFLVAIASVLFFFNTM -VGSANA 
MKH LLALLLAFTLWFNF --APSASA 
Synechococcus-RhdA M SV_RS L~WPRQ_KAFLAVI S LVVAVLLAVPGWLTPATA 
Fig. 2. Sequence comparison of signal peptides and thylakoid 
transfer peptides: E. colt LamB [208]; plastocyanin (PC) [185]; 
33 kDa polypeptide [219]; spinach 23 and 16 kDa polypeptide 
[99]; maize 16 kDa polypeptide [64]; PsaN [108]; Cotton PsbY 
[103]; Spinach PPO [85]; cyanobacterial 33 kDa polypeptides 
(see Fig. 3); Svnechocvstis PCC 6803 plastocyanin (PC) [33]; 
Synechocystis PCC 6803 cyt c-553 [247]; Synechococcus PCC 
7942 cyt c-553 [126]; Anabaena PCC 7937 cyt c-553 [28]; 
Synechocystis PCC 6803 cyt c-550 [205]; Synecho<vstis PCC 
6803 PsaF [43]; Synechococcus PCC 7942 rhdA [125]. (In order 
to keep the sequence alignment as clear as possible, not all plant 
transit sequences are shown but only those which differ in the 
position of the positively charged amino acid residue close to the 
cleavage site. A more complete alignment can be found in Ref. 
[48].) 
position -3  and - 1 (relative to the cleavage site of 
the signal peptidase) and constitutes the recognition 
site for the thylakoidal processing peptidase of higher 
plants and for the bacterial signal peptidase. In vitro 
experiments have shown that the substrate specificity 
of the Escherichia colt signal peptidase is, indeed, 
identical to the thylakoid processing peptidase, which 
processes the lumenal proteins to their mature form 
[7,81]. The functional equivalence of the thy]akoid 
transfer domain of the 33 kDa polypeptide and of 
plastocyanin with bacterial signal peptides has been 
shown by expression of these polypeptides in E. colt 
and their export to the periplasm [80,194]. These 
similarities are in line with the endosymbiotic theory 
of the origin of chloroplasts, i.e., that free-living 
(ancestors of) cyanobacteria evolved into chloroplasts 
within the eukaryotic ell. 
It has been shown recently that there are four 
different mechanisms of protein translocation across 
the thylakoid membrane. The first mechanism is re- 
lated to bacterial protein translocation where proteins 
are translocated into the periplasm (Sec-related mech- 
anism). The second translocation mechanism involves 
only a proton gradient over the thylakoid membrane 
but does not depend on ATP. CFoII, a subunit of the 
ATP synthase, is inserted into the thylakoid mem- 
brane by a third mechanism which does not require a 
ApH, ATP or any of the 'stromal factors' [144]. 
Finally, the LHCII apo-protein is incorporated by a 
mechanism dependent on 'stromal factors' and re- 
quires ATP as well as a ApH [47]. 
The 33 kDa polypeptide belongs to a class of 
proteins in which they are translocated by the first 
mechanism, whereas the 23 and the 16 kDa polypep- 
tide belongs to the class of proteins which is translo- 
cated by the second mechanism [47,48,93,107]. The 
translocation of the 33 kDa polypeptide is absolutely 
ATP-dependent and facilitated by a proton gradient 
over the thylakoid membrane, whereas the transloca- 
tion of the 23 and 16 kDa proteins requires only the 
proton gradient (reviewed in Ref. [183]). Secondly, 
import of the 33 kDa polypeptide requires 'stromal 
factor(s)'. 
Recent work has apparently clarified the nature of 
the so-called 'stromal factor(s)' involved in the 
translocation of the 33 kDa polypeptide and plasto- 
cyanin. It was found that azide, an inhibitor of the 
bacterial SecA protein involved in protein export, 
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inhibits the thylakoid transfer of the 33 kDa polypep- 
tide and plastocyanin, whereas the import of the 23 
and 16 kDa polypeptide was not affected [48,84,109]. 
Very recently, a SecA protein was isolated from 
chloroplasts [245] and it was shown that this protein 
is, indeed, the 'stromal factor' required for the import 
of the 33 kDa polypeptide and plastocyanin [166,245]. 
Antibodies raised against his protein inhibit the im- 
port of the 33 kDa polypeptide into the thylakoid 
lumen but not that of the 23 kDa potypeptide [161]. 
Depletion of SecA from stromal extracts led to an 
inhibition of the import of the 33 kDa protein [245]. 
In addition, the cDNA for the SecA protein from pea 
and spinach chloroplasts [15,161] as well as the gene 
for the SecY protein from Arabidopsis thaliana 
chloroplasts [124] have been cloned. However, the 
existence and/or  the involvement in a certain mecha- 
nism of additional homologues of proteins which 
participate in bacterial protein export remains to be 
established. These might include SecB and/or  a sig- 
nal recognition particle homologue. The involvement 
of a chloroplast homologue to the SRP54, a subunit 
of the cytosolic signal recognition particle from 
mammalian cells involved in protein translocation 
into the lumen of the endoplasmic reticulum, has 
been shown for the integration of the apo-protein of 
LHCII [ 128]. 
A detailed characterisation of the kinetics and 
specificities of the import pathways of proteins into 
and across the thylakoid membrane was carried out 
by Cline and co-workers [48]. They showed that 
thylakoid translocation of the 33 and the 23 kDa 
polypeptide is saturable, indicating that the protein 
translocation involve enzymatic reaction(s) not only 
for the 33 but also for the 23 kDa polypeptide. 
Moreover, they showed by competition experiments 
that the 23 and the 16 kDa polypeptides, but not the 
33 kDa polypeptide, compete with each other for the 
same protein translocation system. The 33 kDa 
polypeptide competed with plastocyanin for import 
into the thylakoid lumen. Interestingly, none of the 
identified proteins which can be imported indepen- 
dent of ATP (i.e., 23 and 16 kDa polypeptides, PsaN, 
PsbT [84,182]) is present in cyanobacteria [183]. It 
has been suggested, therefore, that they are imported 
into the thylakoid lumen by a more recently devel- 
oped pathway, whereas the 33 kDa polypeptide, 
plastocyanin and the lumenal Photosystem I subunit 
PsaF, which are all present in both cyanobacteria and 
plants, are imported by a more ancient bacterial-type 
pathway, which is related to the Sec-machinery (re- 
viewed in Ref. [183]). 
Recently it was found that, in the stroma, the 23 
kDa polypeptide precursor does not form a stable 
interaction with chaperonins or other proteins. More- 
over, it seems to have a rather tightly folded structure 
since it shows the same protease sensitivity as the 
mature protein [50]. This is in contrast o bacterial 
precursors of periplasmic proteins which interact with 
chaperonins and which are thought o have a rather 
loose structure ven in the isolated form. 
At present, it is not totally clear which are the 
signals that determine whether a protein is translo- 
cated over the thylakoid membrane by one pathway 
or the other. Experiments in which lumenal proteins 
were translocated either by their own thylakoid trans- 
fer peptide or by those of other lumenal proteins 
showed that the mechanism of import is determined 
by the transfer peptide and not by the mature protein 
[46,84,182]. The thylakoid transfer peptide of pro- 
teins which are translocated by the ApH-dependent 
pathway contain a doublet of arginine residues di- 
rectly adjoining the hydrophobic domain on the N- 
terminal side, whereas the proteins translocated by 
the Sec-related pathway have only a single lysine 
residue at the corresponding position (Fig. 2). In 
addition, despite the similarities with bacterial signal 
peptides mentioned above, the thylakoid transfer do- 
mains of the transit peptides of the 23 and 16 kDa 
polypeptides have a feature which is not present in 
bacterial signal peptides. In almost all organisms 
sequenced so far, the transit peptides of the 23 and 16 
kDa polypeptides have a positive charged amino acid 
residue near the cleavage site (Fig. 2) (reviewed in 
Ref. [112]). In the 23 kDa polypeptide, the positive 
charged residue is at position -7  (relative to the 
cleavage site of the thylakoid processing peptidase), 
while in the 16 kDa polypeptide it occurs at position 
- 5 or - 2. It has been shown for the E. coli protein 
LamB that a positively charged residue at position 
-7  inhibits the export of the protein [208]. Consis- 
tent with this finding is that the 16 kDa polypeptide 
could not be exported into the periplasm of E. coli 
by its own thylakoid transfer peptide ([123], T. 
Kuwabara, personal communication). The fact that 
the 23 kDa protein, fused to an E. coli signal pep- 
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tide, could be exported to the periplasm [192] con- 
firmed that this is not an effect of the mature protein 
but of the signal peptide. It is probably important that 
the precursors of the lumenal proteins are well sepa- 
rated between the two types of import pathways for 
the thylakoid lumen since, otherwise, the bacterial- 
type pathway might become blocked by the proteins 
translocated by the ApH-dependent pathway. 
Replacement of only one of the two arginine 
residues in the thylakoid transfer peptide by lysine 
results in a strong inhibition or even a total block of 
the protein import, indicating that the arginine dou- 
blet is a recognition signal for the translocation ma- 
chinery [41]. However, the protein with the arginine- 
to-lysine mutation is also not translocated by the 
Sec-related pathway. Moreover, introduction of an 
arginine doublet into the thylakoid transfer domain of 
the plastocyanin transit peptide did not lead to a 
translocation of the protein via the ApH dependent 
pathway but to a slight inhibition of the translocation 
via the Sec-related machinery. This indicates that 
there are additional factors which influence the choice 
of the pathway. These additional factors seem not to 
be located in the hydrophobic ore of the thylakoid 
transfer domain since replacement of the hydrophobic 
core in the transit peptide of the 16 kDa polypeptide 
by part of a putative transmembrane h lix of PsbS, a 
subunit of PSII presumed to be involved in binding 
of chlorophyll a and b [67,232], had no influence on 
the choice of translocation pathway [41]. However, 
the translocation pathway of PsbS itself has not been 
studied yet. PsbS is supposed to be a member of the 
Cab protein family. Another member of this family 
was shown to be imported by an ATP-dependent 
pathway [47]. 
Another targeting signal might be the positively 
charged residue close to the cleavage site of the 
thylakoid processing peptidase. As mentioned above, 
such a residue was shown to inhibit export of LamB 
in E. coli. Therefore, it might be interesting to see 
whether an arginine doublet before and a lysine 
residue after the hydrophobic domain in the transit 
peptide of plastocyanin leads to a translocation over 
the thylakoid membrane via the Sec-related pathway. 
It should be pointed out that there are a few 
exceptions to the general pattern of the distribution of 
positively charged residues in the thylakoid transfer 
domain of the transit peptide. Although cytochrome f 
is an 'old' protein present in cyanobacteria, the pre- 
peptide contains an arginine residue in position -7  
relative to the cleavage site [6]. However, it is chloro- 
plast-encoded and membrane integration probably oc- 
curs cotranslationally. Therefore, it might be that the 
mechanism of protein translocation/insertion is 
somehow different from that of the extrinsic poly- 
peptides of PSII. However, recently a mutant of C. 
reinhardtii was isolated which interfered with the 
protein translocation of the 33 kDa polypeptide, 
plastocyanin, PsaF and cytochrome f across the thyl- 
akoid membrane but not with the translocation of the 
23 and 16 kDa polypeptides [227], indicating that 
cytochrome f might be translocated by the same 
mechanism as the 33 kDa polypeptide. Other excep- 
tions are the PSII-T protein from cotton [103], the 23 
kDa polypeptide from C. reinhardtii [137], and 
polyphenol oxidase [85] all of which do not contain a 
positive charged amino acid residue in the thylakoid 
transfer domain near the cleavage site of the thyl- 
akoid processing peptidase. The import of PSII-T is 
special in that there are three instead of two process- 
ing steps involved in import into the thylakoid lumen 
[103]. The thylakoid membrane transfer of polyphe- 
nol oxidase and the 23 kDa polypeptide from C. 
reinhardtii has not yet been studied. 
Little is known about the translocation of proteins 
across the thylakoid membrane of cyanobacteria. 
Their thylakoid transfer peptides closely resemble 
bacterial signal peptides (Fig. 2). The only periplas- 
mic localised protein from cyanobacteria which has 
been cloned and the signal sequence of which is 
therefore known is the rhodanese-like protein from 
Synechococcus PCC 7942 [125]. The N-terminus of 
its signal peptide contains more positively charged 
amino acid residues than the thylakoid targeting pep- 
tides (Fig. 2). Whether this is significant is not yet 
clear. The thylakoid transfer peptides of the 33 kDa 
polypeptide from Synechococcus PCC 7942 [119] 
and Anabaena PCC 7120 [22] have been shown to 
act as signal peptides in E. coli. (The function of the 
latter as a signal peptide in E. coli might appear 
somewhat surprising since it contains a positive 
charged residue at position -5 .  However, since the 
yield of protein expression is extremely low in this 
case, it might be that the majority of the recombinant 
protein is degraded before or during export.) It is still 
not clear whether the cyanobacteria have two differ- 
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ent transport systems for each cell compartment or
whether the same transport system is able to transport 
proteins into both compartments. Two attempts were 
made to answer the question whether different rans- 
port systems exist for both compartments. In the first, 
cytoplasmic and thylakoid membranes were isolated 
from the cyanobacterium Synechococcus PCC 7492 
and the SecY protein was detected by Western blot- 
ting in both membranes [162]. However, no Western 
blots with antibodies against marker proteins for the 
cytoplasmic and thylakoid membranes were carried 
out in order to prove that the isolated thylakoid 
membrane was not contaminated by the cytoplasmic 
membrane. In the second attempt a reporter gene was 
fused to the signal peptides of lumenal and periplas- 
mic proteins. These chimeric proteins were expressed 
in the cyanobacterium Synechococcus PCC 7492 and 
the reporter protein was localised [133]. The results 
did not provide a clear answer, probably because 
some of the chimeric proteins expressed were not 
soluble under the experimental conditions and were 
co-isolated with the envelope. Therefore, the question 
whether there are one or more translocation ma- 
chineries in cyanobacteria remains to be answered. 
4. The function of the extrinsic polypeptides 
4.1. The function of the 23 kDa and 16 kDa poly- 
peptides 
4.1.1. Dissociation and reconstitution experiments 
The involvement of the 23 kDa and 16 kDa poly- 
peptides in oxygen evolution was discovered by dis- 
sociation and reconstitution experiments u ing inside- 
out vesicles and PSII-enriched membranes. As men- 
tioned in Section 2, treatment with 1 M NaC1 releases 
these two proteins [4,117]. Subsequent reconstitution 
of these two polypeptides [4,150] or of the 23 kDa 
polypeptide alone [129], restored (partial) activity. 
The degree of loss and restoration of the activity was 
found to be extremely dependent on the experimental 
conditions. Further investigations revealed that addi- 
tion of Ca 2+ [68,152] and CI- [8,51,163] to the assay 
buffer restores activity without reconstitution of the 
extrinsic polypeptides. Reconstitution of the poly- 
peptides in Ca2+-free medium did not restore any 
activity at all [70]. 
The 23 kDa polypeptide ither modulates the bind- 
ing affinity or the on- and off-rate of binding of the 
Ca 2+ ion. An influence of the 23 kDa polypeptide on 
the binding kinetics of Ca 2+ was observed [70]. 
Recent data indicate that the CaZ+-binding affinity is 
almost identical in the presence and absence of this 
polypeptide [2]. Therefore, the 23 kDa polypeptide 
influences only the kinetics of Ca 2+ binding and 
release. 
It was also observed that the C1- requirement for 
maximal oxygen evolution was modified by the 23 
and 16 kDa polypeptides [5,8,51,91,152,163]. In the 
absence of the 23 kDa polypeptide, at least 30 mM 
C1- is necessary for maximal activity. Rebinding of 
the 23 kDa polypeptide reduces the CI- requirement 
for maximal oxygen evolution to 2-10 mM 
[5,91,155]. Additional rebinding of the 16 kDa 
polypeptide increases oxygen evolution slightly at 
C1--concentrations below 2-3 mM. Interestingly, 
these two extrinsic polypeptides eem not only to 
increase the binding affinity of CI- at PSII but C1- 
also seems to enhance the binding of the 23 kDa 
polypeptide [91 ]. 
There is a high variability in the reported extent of 
inhibition of oxygen evolution after NaCl-washing in 
the literature. Miyao and Murata showed that the 
degree of inhibition was dependent on whether the 
NaCl-treatment was carried out in the dark or in the 
light [154]. Boussac and Rutherford demonstrated 
that, indeed, the binding of Ca 2+ depends on the 
S-state [23]. After release of the 23 and 16 kDa 
proteins by 1 M NaC1, Ca 2+ is released during 
illumination, probably in the S3-state since it is in 
this state where Ca 2+ is most easily lost. The release 
of the 23 and 16 kDa polypeptides does not change 
the EPR properties of PSII ([24], earlier contradictory 
results are discussed therein). Release of Ca 2+ has no 
effect on the EPR signals of the S2-state [24] whereas 
in the formal S3-state a split signal at g = 2 appeared 
which has been attributed to an organic radical inter- 
acting magnetically with the manganese cluster 
[26,27]. This signal is broader and PSII is more stable 
in the presence of the 23 and 16 kDa polypeptides 
[25]. Metal chelators have no effect on oxygen evolu- 
tion in intact PSII-enriched membranes [70]. How- 
ever, treatment with 1 M NaC1 in the presence of 
EGTA or EDTA in the light releases not only Ca 2+ 
but also modifies the manganese cluster as seen by its 
EPR signal [26,175]. A similar effect was observed 
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after treatment with citrate at low pH [25]. During 
this low pH treatment, the 23 and 16 kDa poly- 
peptides are released [201] concomitantly with Ca 2+ 
[174]. Upon adjusting the pH to 6.5, the polypeptides 
rebind to PSII, whereas Ca 2+ rebinding is inhibited 
due to its chelation by citrate. The additional effect of 
this chelator has been suggested to originate from a 
binding of the chelator (citrate, EGTA, EDTA etc.) 
directly to the manganese cluster [25,222,246]. Modi- 
fication of the structure of the manganese cluster by 
citrate treatment has been demonstrated by EXAFS 
[237]. 
In thermoluminescence studies, the 23 kDa 
polypeptide was reported to influence the stability of 
the SzQ A state in CaZ+-depleted PSII [92,176]. The 
different stability of this state was suggested to be 
due to a conformational change of the manganese 
cluster [92,176] or by direct binding of the 23 kDa 
protein to manganese in this PSII preparation [92]. 
However, the magnitude of the temperature shift of 
the thermoluminescence signal, due to the presence 
or absence of the 23 kDa polypeptide, differs greatly 
in the two reports. Moreover, the observed recom- 
bination reaction has been suggested to be Tyr~Q A 
rather than S2Q A [101]. 
In the absence of the 23 kDa polypeptide the 
manganese cluster becomes more susceptible to 
chemical attack. Bulky reductants which have no 
effect on the manganese cluster in intact PSII are able 
to over-reduce the manganese cluster esulting in the 
subsequent release of Mn 2+ into the medium [71,216]. 
It was found that the Mn 2 + formed by reductants can 
be trapped in a kind of aqueous cavity inside of PSII 
when the treatment is done in the presence of mM 
concentrations of Ca 2+ to NaCl-washed PSII [141]. 
These Mn z+ ions can be re-oxidised by illumination 
and the activity recovered. 
4.1.2. Deletion mutagenesis 
Two C. reinhardtii mutants, BF25 and FUD39, 
have been isolated which are unable to synthesise the 
23 kDa polypeptide [ 14,53,137]. Mutant BF25 showed 
only 5% of the wild-type oxygen-evolving activity 
and a low level of variable fluorescence. The number 
of PSII reaction centres was found to be comparable 
to wild-type in Ref. [137]. However, in Ref. [53] it 
was reported that the level of PSII present in the 
mutants was only 65% in BF25 and 30% in FUD39 
compared to the wild-type. When grown under dim 
light, FUD39 showed nearly normal PSII levels, indi- 
cating that the 23 kDa polypeptide-less mutant has a 
greater susceptibility for photoinhibition [186]. In 
isolated thylakoids this effect was partially reversed 
by adding mM concentrations of CI-. However, no 
absolute values of oxygen evolution nor information 
about the Ca2+-requirements for activity were re- 
ported which makes it difficult to judge whether the 
protecting effect of C1- is significant. 
In conclusion, the role of the 23 kDa polypeptide 
is (1) to prevent Ca 2 + from being released from PSII 
during the S-state turnover, (2) to create a high 
affinity C1--binding site, (3) to protect he manganese 
cluster from chemical attack, and (4) to stabilise the 
manganese cluster. The 16 kDa polypeptide seems 
also be involved in (2)-(4), although to a lower 
extent. 
4.2. The function of the 33 kDa polypeptide 
4.2.1. Dissociation and reconstitution experiments 
Treatment of PSII-enriched membranes with 1 M 
Tris (pH 8.0) [239], alkaline pH [116] and 2.6 M urea 
[153] releases the 33, 23 and 16 kDa polypeptides 
along with some manganese ions of the cluster. Since 
1 M NaCI releases only the 23 and 16 kDa poly- 
peptides (see above) without releasing the man- 
ganese, the simultaneous loss of the 33 kDa polypep- 
tide and the manganese cluster as well as reports of 
manganese being associated with the 33 kDa 
polypeptide under some conditions [1,243] were used 
as arguments to support a direct involvement of this 
polypeptide in manganese binding (reviewed in Ref. 
[13]). However, using treatments with 2.6 M 
urea/200 mM NaC1 [151,153] or l M CaC12 
[169,170] in the dark, the 33 kDa polypeptide could 
be released leaving the manganese cluster intact. In 
the absence of the 33 kDa polypeptide, however, the 
manganese cluster is rather unstable. CI- concentra- 
tions of higher than 100 mM are required to prevent 
the release of manganese [153,159] and in oxygen 
evolution assays under saturating light, the activity 
declines rather apidly. The activity after the release 
of the 33 kDa polypeptide in the presence of 5 mM 
Ca 2+ and 200 mM C1- is usually between 16 and 
45% of the activity of intact PSII. The variation 
might be due to a different number of inactivated 
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reaction centres due to release of functional man- 
ganese and due to different amounts of reaction 
centres still containing the 33 kDa polypeptide [30]. 
Rebinding of the 33 kDa polypeptide restored the 
activity [151,153,170]. In the absence of the 33 kDa 
polypeptide the manganese cluster is more accessible 
from the outside as shown by the effects of chemicals 
such as reductants [213,216] or EDC (A.S., submit- 
ted). 
There have been some reports that the S 2 multiline 
EPR signal could not be observed in PSII depleted of 
the 33 kDa polypeptide. It seems likely that this was 
due to the lack of sufficient C1 in the buffer since in 
the presence of 200 mM C1- the S 2 muttiline EPR 
signal was indeed observed, although it was some- 
what weaker than in intact PSII [136,210]. (Thermo- 
luminescence data on PSII-enriched membranes lack- 
ing the 33 kDa polypeptide probably reflect the situa- 
tion in which PSII is inhibited due to an insufficient 
"~+ 
amount of C1 and Ca- ; [172,224]). The reason for 
the lack of multiline signal at low C1- concentration 
might be an over-reduction of the manganese cluster, 
since it has been observed that at low CI- concentra- 
tion, manganese is slowly released from PSII [153]. It 
has been reported that in the absence of the 33 kDa 
polypeptide, Ca 2+ was required for the observation 
of the multiline EPR signal [145]. This is rather 
surprising since the presence or absence of Ca 2 + has 
no influence on the stability of the manganese cluster. 
However, in a recent study the multiline EPR signal 
could be detected in the absence of the 33 kDa 
polypeptide, although the ability of PSII lacking the 
33 kDa polypeptide to form an EPR-detectable S 2- 
state is rather easily lost [197]. 
Flash-induced oxygen evolution measurements of
PSII depleted of the extrinsic polypeptides in the 
presence of 10 mM Ca 2+ and 200 mM C1- revealed 
a slightly [156] or strongly [173] damped period-four 
oscillation. Variation of the spacing in between the 
flashes revealed that specifically the $3-S 0 transition 
was slower as compared to intact PSII. In the absence 
of the 33 kDa polypeptide the S2-state and, to a lesser 
extent, the S3-state are more stable [156] 
t Similar studies were carried out by others. However, the 
interpretation f their data is difficult since measurements were 
carried out at low CI- concentrations and in the absence of 
Ca 2+. 
Up to this point, only the influence of the 33 kDa 
polypeptide on the properties of the manganese clus- 
ter have been discussed. The influence of the man- 
ganese cluster on binding of the 33 kDa polypeptide 
has also been studied. Measurements of the affinity 
of the 33 kDa protein to PSII revealed a K d of 12 
nM in the presence and 88 nM in the absence of the 
manganese complex [155]. Slightly lower values were 
obtained in a similar study [127]. In a different 
experiment i was shown that the 33 kDa polypeptide 
could be partially removed by 2 M NaC1 in the 
absence of the manganese cluster [105], suggesting a
weaker binding of the protein in the absence of the 
manganese complex. 
The 33 kDa polypeptide from spinach and from 
Synechococcus vulcanus has been shown to be ex- 
changeable to some extent. The spinach polypeptide 
could be bound to CaClz-washed PSII from S. vul- 
canus and vice versa. Partial restoration of the activ- 
ity was observed [111]. It was reported that the 33 
kDa polypeptide from Arabidopsis thaliana over-ex- 
pressed in E. coli binds with a lower affinity to PSII 
from spinach than the spinach protein itself [17]. 
However, it was discovered later that the lower bind- 
ing affinity was due to a partial misfolding of the 
recombinant polypeptide. It is now clear that the 
binding affinity of the 33 kDa polypeptide from both 
species is identical [18]. This is in agreement with the 
high sequence homology observed among the 
polypeptide from different species (see Fig. 3). 
4.2.2. Deletion and site-directed mutagenesis 
A mutant of C. reinhardtii has been characterised 
which was not able to synthesise the 33 kDa polypep- 
tide due to an insertion in the gene [136]. In addition, 
the mutant contained only 10% of PSII compared to 
the wild-type. This was taken as evidence that the 33 
kDa polypeptide was not only essential for oxygen 
evolution but also for PSII stability. A different 
interpretation would be that PSII in this mutant is 
more sensitive to photoinhibition and is therefore less 
stable [186]. In contrast o these findings deletion of 
the psbO gene encoding the 33 kDa protein in 
Synechocystis PCC 6803 [35,63,134,180] or Syne- 
chococcus PCC 7942 [20] did not lead to a loss of the 
ability to grow photoautotrophically. The number of 
PSII reaction centres was determined to be 80-95% 
of that found in the wild-type strain [36,180]. The 
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oxygen-evolving activity in intact cells was found to 
be 70% of the rate of the wild-type [35,134,180] and 
33%-40% in the presence of an artificial electron 
acceptor [35,38]. 
The difference between C. reinhardtii and the 
cyanobacterial mutants lacking the 33 kDa polypep- 
tide might be due to differences in the subunit com- 
position on the lumenal side of PSII. In higher plants 
and C. reinhardtii there are the 33, 23 and 16 kDa 
polypeptides. In the absence of the 33 kDa polypep- 
tide the binding affinity of the other two polypeptides 
is strongly reduced (see Section 5.2). In contrast, 
cyanobacteria l ck the 23 and 16 kDa polypeptides. 
Instead, they have a low-potential cytochrome c-550 
and, at least in the thermophilic strains, a 9-12 kDa 
polypeptide bound to the lumenal side of PSII. These 
two proteins can bind even in the absence of the 33 
kDa protein (see Section 5.3). Therefore, in the C. 
reinhardtii mutant which is unable to synthesise the 
33 kDa polypeptide, PSII is in fact lacking three and 
not only one polypeptide, whereas in cyanobacteria 
the cytochrome c-550 seems to be bound to PSII 
even in the absence of the 33 kDa polypeptide. 
In wild-type cells of Synechocystis PCC 6803, the 
absence of Ca 2 + and C1- had little [180] or a moder- 
ate [63] effect on the photosynthetic growth of the 
cells. However, absence of Ca 2+ from the growth 
medium of the psbO- strain prevented any cell 
growth [63,180]. Possible reasons for this phe- 
nomenon are discussed in chapter 4.2.3. 
The effect of CI- on the growth rate of the 
psbO--strain is controversial. Whereas Philbrick et 
al. [180] found no difference compared to the wild- 
type strain, Engels et al. [63] reported that their 
deletion strain could not grow without C1-. They 
suggested that the difference might originate from 
differences in the growth conditions. The C1- con- 
centration in the cells might under some circum- 
stances be high enough to support photosynthetic 
growth for some time. No effect of the absence of 
Ca 2+ or CI from the growth medium was observed 
for the Synechococcus PCC 7942 psbO- strain 
within the first 5 days of cell growth [63]. The 
psbO- strain has been reported to be more suscepti- 
ble to photoinhibition [134,180]. In addition, in these 
33 kDa polypeptide-less trains, the oxygen-evolving 
activity is inhibited by dark-adaptation f the cells 
with a half-life time of 10 min in Svnechococcus 
PCC 7942 or 20 minutes in Synechocystis PCC 6803 
psbO- strains. Oxygen evolution can be recovered 
by flash- or continuous illumination [39,63]. 
The decrease in oxygen evolution seems to be in 
part due to the inhibition of the $3-S 0 transition 
since the rate of O2-release from PSII is reduced 
[36,63]. In addition, oxygen evolution after light 
flashes showed a damped pattern which might indi- 
cate a higher number of misses. These results are 
difficult to interpret since the S-state distribution at 
the start of the measurement is not exactly known. 
Thermoluminescence m asurements indicate a higher 
stability of the S 2 and S 3 states [36,223]. However, 
their interpretation is hampered by the fact that the 
glow curves exhibit an area of only about 25% that of 
the glow curves of the wild-type, indicating that they 
represent only a minor fraction of the PSII centres or 
that the manganese cluster in a large fraction of 
centres became reduced uring the measurements by 
components outside of PSII. 
The isolation of thylakoid membranes from the 
Synechocystis PCC 6803 psbO- strain has been 
reported [37,38]. For this 33 kDa polypeptide-less 
strain the oxygen-evolving activity could be main- 
tained only in the presence of high concentrations of 
C1- which is in agreement with the behaviour of PSII 
from higher plants lacking the 33 kDa polypeptide. 
In order to study function and binding of the 33 
kDa polypeptide, site-directed mutagenesis was car- 
ried out on carboxylic residues of the spinach 
[ 195,196,198,199] and the Synechocystis PCC 6803 
33 kDa protein [37,38]. Carboxylic amino acid 
residues are the most likely candidates to be involved 
in binding of manganese and calcium. Moreover, 
there are acidic amino acid residues involved in 
binding of the polypeptide to PSII (A.S., submitted, 
see also Refs. [97,199]). 
The spinach protein and its variants carrying muta- 
tions in all conserved acidic amino acid residues (see 
Fig. 3) were expressed in E. coli [194] and reconsti- 
tuted to CaC12-washed PSII. Some of the protein 
variants could not restore the activity up to the level 
obtained with the wild-type protein but this effect 
could be assigned to the protein variants having a 
lower binding affinity to PSII rather than to a slowing 
down of the S-cycle [198]. 
The strongest decrease in binding was observed 
when mutations were introduced at D109 and D157 
A. Seidler / Biochimica et Biophysica Acta 1277 (1996) 35-60 47 
[196,198]. Both aspartic acid residues were replaced 
by asparagine (N) and lysine (K). The variant D109N 
accumulated in E. coli to almost the same level as 
the wild-type 33 kDa polypeptide (17% of the 
periplasmic proteins, compared to 25% for the wild- 
type protein). However, the variant D109K accumu- 
lated only to 3% of the periplasmic proteins, indicat- 
ing that either the folding of the protein variant is 
slowed down or that the mutation led to a different, 
less protease-resistant conformation of the 33 kDa 
polypeptide. Moreover, during purification the addi- 
tion of 10% glycerol to the buffer was necessary. 
Whereas the variant D109N of the 33 kDa polypep- 
tide had almost the same binding affinity as the 
wild-type protein, the variant showed an almost 10- 
fold lower binding affinity. The lower accumulation 
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Spinach EGG.KRLTYD E IQSKTYLEV KGTGTANQCP TV.EGGVDSF AF .KPGKYTA 
Pea EGAPKRLTFD E IQSKTYLEV KGTGTANQCP TI .DGGVDSF SF .KPGKYNA 
Arabidopsis EGAPKRLTYD E IQSKTYMEV KGTGTANQCP TI .DGGSETF  SF .KPGKYAG 
Wheat  EGAPKRLTFD E IQSKTYMEV KGTGTANQCP TI .DGGVDSF PF .KAGKYEM 
Tomato EGVPKRLTYD E IQSKTYMEV KGTGTANQCP TI .EGGVGSF AF .KPGKYTA 
Potato EGVPKRLTFD E IQSKTYMEV KGTGTANQCP T I .NGGVDSF AF .KPGKYNA 
Chlamy . . . . . .  LTFD E IQGLTYLQV KGSGIANTCP VL. ESGTTNL KELKAGSYKL  
Euglena .... ASLTYD ELQSLSYLEV KSSGIAGTCP VLADGVSSKL  S .LKAGKYEI  
Syneehococcus .ADLGTLTYD QI . . . . . . . .  KDTGLANKCL SLKESARGTI  PLEAGKKYAL  
Synechocystis .VDKSQLTYD DI . . . . . . . .  VNTGLANVCP E ISSFTRGTI  EVEPNTKYFV 
Anabaena . . TRDILTYE  QI . . . . . . . .  RGTGLANKCP QLTETSRGSI  PLDSSKSYVL  
S.elongatus . .AKQTLTYD DI . . . . . . . .  VGTGLANKCP TLDDTARGAY PYDSSQTYRI  
collsensus . . . . .  , , , ,  _ .x- . . . . .  ,, ..,, ,, . . . . . . . . . . . . . . .  , _ _ 
53 62 86 97 
Spinach KKFCLEPTKF  AVKAEGISKN SGPDFQNTKL  MTRLTYTLDE IEGPFEVSSD 
Pea KKLCLEPTSF  TVKSEGVTKN TPLAFQNTKL  MTRLTYTLDE IEGPFEVSAD 
Arabidopsis KKFCFEPTSF  TVKADSVSKN APPEFQNTKL  MTRLTYTLDE IEGPFEVASD 
Wheat  KKFCLEPTSF  TVKAEGIQKN EPPRFQKTKL  MTRLTYTLDE MEGPLEVRRR 
Tomato KKFCLEPTSF  TVKAEGVSKN SAPDFQKTKL  MTRLTYTLDT? IEGPFEVSPD 
Potato KKFCLEPTSF  TVKAEGVSKN SAPDFQKTKL  MTRLTYTLDE IEGPFEVSPD 
Chlamy ENFCIEPTSF  TVKEESQF'KG GETEFVKTKL  MTRLTYTLDA MSGSFKVGSD 
Euglena NNWCLEPSSF  QVKLPPTEKQ QVTEFERTKL  MTRLTYTLDA ISADLNVGGD 
Synechococcus TDLCLEPQEF FVKEEPGNKR QKAEFVPGKV LTRYTSSLDQ VYGDLALKAD 
Synechocystis SDFCMEPQEY FVKEEPVNKR QKAEYVKGKV LTRQTTSLEQ IRGSIAVGAD 
Anabaena KELCLEPTNF FVKEEPANKR QTAEFVAGKL LTRYTST IDQ VSGDLKFNDD 
S.elongatus ARLCLQPTTF  LVKEEPKNKR QEAEFVPTKL  VTRETTSLDQ IQGELKVNSD 
consensus - - - * - **  * ** . . . . .  * . . . . .  * ** - ** - * - *** -  --* . . . . . . .  
104 109 121 
Spinach GTVKFEEKDG IDYAAVTVQL PGGERVPFLF  T IKQLVAS.G KP . . . . . . . .  
Pea GSVKFEEKDG IDYAAVTVQL PGGERVPFLF  T IKQLVAS .G KP . . . . . . . .  
Arabidopsis GSVNFKEEDG IDYAAVTVQL PGGERVPFLF  TVKQLDAS .G KP . . . . . . . .  
Wheat RTLKFEEKDG IDYAAVTVQL PGGERVAFLF  TVKQLVAT.G KP  . . . . . . . .  
Tomato GTVKFEEKDG IDYAAVTVQL PGGERVPFLF  T IKQLVAS.  G KP . . . . . . . .  
Potato GTVKFEEKDG IDYAAVTVQL PGGERVPFLF  T IKQLVAS.G KP . . . . . . . .  
Chlamy GSAELKEDDG IDYAATTVQL PGGERVAFLF  T IKQFDGK.G TL  . . . . . . . .  
Euglena GSWTIQEKDG LDYAATTVQL AGGERVPFLF  T IKNLLAK.G DA . . . . . . . .  
Synechococcus GTVSFTEKGG IDFQAITVLL  PGGEEVPFLF  TVKGLVASTS EPA.TS INTS 
Synechocystis GTLTFKEKDG IDFQPITVLL  PGGEEVPFFF  TVKNFTGTT.  EPGFTS INSS 
Anabaena SSLTFVEKDG LDFQAITVQL PGGERVPFLF  T IKNLVAQT.  QPGLSSLNTS 
S.elongatus GSLTFVEEDG IDFQPVTVQM AGGERIPLLF  TVKNLVAST.  QPNVTSITTS  
consensus ** . . . .  * - -*  *** - - ***  * **********  *** . . . . . . . .  * . . . . . . . .  
Fig. 3. Sequence alignment of 33 kDa polypeptides from different organisms. The numbers indicate amino acid residues which have been 
mutagenised. Spinach [219]; pea [229] (the sequence of another member of the pea psbO gene family has been published too [230]; the 
following differences were found: 119R, 199V, 244R, 246N, 247H, 248R (numbering according to the spinach sequence)); Arabidopsis 
[110]; wheat [139], tomato [75], potato [221]; Chlamydomonas reinhardtii (Chlamy) [138]; Euglena gracilis Z: [206]; Synechococcus 
PCC 7942 (Anacystis nidulans R2) [120]; Synechocystis PCC 6803 [179]; Anabaena PCC 7120 [22]; Synechococcus elongatus [148]. 
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B 
Spinach 
Pea 
Arabidopsis 
Wheat 
Tomato 
Potato 
Chlamy 
ESFSGDFLV 
DSFSGEFLV 
DSFTGKFLV 
DSFRP,FLV 
ESFSGEFLV 
ESFSVDFLV 
DGIKGDFLV 
Euglena GQFLGQFDV 
Synechococcus TD. LRGGYRV 
Syncchocystis TD. FVGDFNV 
Anabaena TD.  FEGTFKV 
S.elongatus TD.  FKGEFNV 
consensus * * * * 
157 168 
PSYRGSSFLD PKGRGGSTGY DNAVALPAGG RGDEEELQKE 
PSYRGSSFLD PKGRGASTGY DNAVALPAGG RGDEEELGKE 
PSYRGSSFLD PKGRGGSTGY DNAVALPAGG RGDEEELVKE 
PSYRGSSFLD PKGRGGSTGY DNAGALPRGG RGDEEELAKE 
PSYRGSSFLD PKGRGGSTGY DNAVALPAGG RGDEEELQKE 
PSYRGSSFLD PKGRGGSTGY DNAVALPAGG RGDEEELQKE 
PSYRGSSFLD PKGRGGSTGY DNAVALPA. .  RADAEELLKE 
PSYRGATFLD PKGRGGASGY DTAVALPASG , .DDEEYAKE 
PSYRTSNFLD EICARGLTTGY ESAVAIESAG . ,DAEDLTKE 
PSYRGAGFLD PKARGLYTGY DNAVALPSAA . .DKFRTNK,  
PSYRGSAFLD PKGRGWSGY DNAVALPAQA . .DDEDLTRT 
PSYRTANFLD ~?KGRGLASGY DSAIALP .QA K . .EEELARA 
****_ ,  *** ** ** *** *******  ......... , ,_ ,_  
Spinach NNKNVASSKG T ITLSVTSSK 
Pea NNKSAASSKG K ITLSVTQTK 
Arabidopsis NVKNTAASVG E ITLKVTKSK 
Wheat  NVKNASSSTG N ITLSVTKSK 
Tomato NVKNTASLTG K ITLSVTQSK 
Potato  NVKNTASLTG K ITFTVTKSN 
Chlamy NVKI  TKALKG SAVFSVAKVD 
Euglena NSKSTAASVG T IAFKVAKVN 
Synechococcus NVKRFVTGQG E ISLAVSKVD 
Synechocystis . . KETPLGKG TLSLQVTQVD 
Anabaena NVKRAE I LNG KI SLQIAKVD 
S.elongatus NVKRFSLTKG Q i S LNVAKVD 
consetlsus - - * * - - * * 
212 224 226 234 
PETGEVIGVF QSLQPSDTDL GAKVPKDVKI  
PETGEVIGVF ES IQPSDTDL .AKAPKDVKI  
PETGEVIGVF ESLQPSDTDL GAKVPKDVKI  
PETGEVIGVF ESVQPSDTDL EA. .PKDVKI  
PETGEVIGVF ES IQPSDTDL GAKVPKDVKI  
PQTGEVIGVF ES IQPSDTDL GAKTPKDVKI  
PVTGEIAGVF ES IQPSDTDL GAKPPKDIKV 
AETGEIAGVF ES IQPSDTDL GAKVPKDIKT  
GATGEVAGVF TA IQPSDTDM GGKEAVDVKL 
GSTGEIAGIF  ESEQPSDTDL GAKEPLDVKV 
SSSGEIAGTF  ESEQPSDTDL GADEPKEVKI  
GRTGEIAGTF  ESEQLSDDDM GAHEPHEVKI  
******_*  _* *******  _*__*_****  
Spinach 
Pea 
Arabidopsis 
Wheat 
Tomato 
Potato  
Chlamy 
Euglena 
Synechococcus 
Synechocystis 
Anabaena 
S.elongatus 
consensus 
EGVWYAQLEQ . .  
QGVWYAQLES . .  
QGVWYGQLE. . .  
QGVWYAQLES N. 
QGIWYAQLE.  .. 
QGIWYAQLES . .  
TGLWYAQLK.  .. 
SGVWYAQISP  SK. 
VGQFYGRIEP  ADA 
RGIFYGRVDT DV. 
RGIFYARVE . . . .  
QGVFYAS iEP  A.. 
_* **__*_  
Fig. 3 (continued). 
of the variant D109K in E. coli, the stabilising effect 
of glycerol and the lower binding affinity to PSII 
indicate that this variant has a different conformation 
than the wild-type 33 kDa polypeptide. 
The variant D157N and D157K both exhibit a 
lower binding affinity than the wild-type protein. 
Both variants accumulated in E. coli to a level 
similar to the wild-type protein, indicating that the 
mutations did not lead to a significant increase in 
protease sensitivity of the 33 kDa polypeptide. There- 
fore, D157 is a good candidate to be involved in 
binding of the 33 kDa polypeptide to PSII. Replace- 
ment of D159 in the 33 kDa polypeptide of Syne- 
chocystis PCC 6803, which is the equivalent residue 
to D157 in the spinach protein, by asparagine led to a 
phenotype which is most easily explained by a low- 
ered binding of the protein variant [38] and is there- 
fore consistent with the results obtained with the 
spinach polypeptide. 
Particularly remarkable are the variants of the 33 
kDa polypeptide D212N and D212K, where the as- 
partic acid residue 212 was replaced by glutamine 
and lysine, respectively. These protein variants accu- 
mulated only to a low level in E. coli, < 1% of the 
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periplasmic protein fraction, compared to 25% for the 
wild-type protein. During purification via ion ex- 
change chromatography even in the presence of 20% 
glycerol the protein variants were eluted from the 
column over a wide range of the NaC1 gradient, 
indicating a very heterogeneous population of protein 
conformations. However, the protein variant D212N 
could be purified by adopting an alternative strategy. 
A histidine tail was introduced at the N-terminus of 
the 33 kDa polypeptide [193] which allowed the use 
of immobilised metal ion affinity chromatography for 
purification of the recombinant protein. The protein 
variant D212N purified by this strategy was able to 
restore the oxygen-evolving activity to a level com- 
parable to that of the wild-type protein (A.S., unpub- 
lished). This indicates that a subtle change like the 
replacement of an aspartic acid residue by asparagine 
is able to destabilise the conformation of the 33 kDa 
polypeptide. This destabilisation seems to have no 
effect on the binding affinity of the 33 kDa polypep- 
tide. A variant of the 33 kDa polypeptide with proba- 
bly similar properties is A235V [19]. This variant 
shows a cold-sensitivity during reconstitution to PSII. 
Both, D212 and A235 are located at the beginning of 
predicted /3-sheet structures [236] which might be- 
come destabilised by the introduced mutations. 
Mutations of the spinach or Synechocystis PCC 
6803 33 kDa polypeptide at residue D9 led to no 
reduction of the oxygen-evolving activity or change 
in the binding constant of the protein to PSII 
[195,196,199]. (The Synechocystis PCC 6803 mutant 
D9N was previously reported to lack binding of the 
mutagenised 33 kDa polypeptide but this was due to 
a second-site mutation [R. Burnap, personal commu- 
nication].) In recent PSII cross-linking experiments 
using EDC, three cross-linked products due to intra- 
molecular cross-linking of the 33 kDa polypeptide 
could be detected (A.S., submitted, see also [199]). 
The same cross-linking method using CaCle-washed 
PSII reconstituted with the protein variant D9N re- 
vealed that in this variant only two intramolecular 
cross-linked products could be detected. Therefore, 
the residue D9 was suggested to be involved in one 
of the intramolecular salt bridges [199]. 
Site-directed mutagenesis of the disulphide bridge 
of the Synechocvstis PCC 6803 protein confirmed the 
results of in vitro studies [217] in showing that the 
disulphide bridge is essential for binding of the 33 
kDa polypeptide to PSII [38]. 
4.2.3. Metal binding properties 
Several regions of the 33 kDa polypeptide show 
homologies to metal binding sites. Residues 18 to 33 
show some homology to part of the metal binding 
site in a bacterial manganese superoxide dismutase 
[168]. However, the metal binding residue in the 
superoxide dismutase, an aspartic acid side chain, is 
not conserved in the 33 kDa polypeptide. Instead, the 
33 kDa polypeptide contains a cysteine residue at this 
position and this is unlikely to be involved in man- 
ganese ligation since this cysteine residue and C51 of 
the polypeptide form a disulphide bridge [114,217]. 
It has been suggested that the disulphide bridge in 
the 33 kDa polypeptide may be important in oxygen 
evolution since PSII could be reversibly inhibited by 
treatment with dithioerythritol [95]. An alternative 
explanation is that the two cysteine residues of the 
D2 protein localised in the putative loop between 
helix 1 and 2 [143] form a disulphide bridge and that 
the reduction of this disulphide bridge led to the 
inhibition of oxygen evolution. Further studies are 
required in order to clarify this point. 
Several Ca 2 + binding sites have been suggested to 
be located on the 33 kDa polypeptide of higher plants 
because of sequence similarities to Ca 2+-binding pro- 
teins with known structures [49,229]. However, none 
of these suggested sites is totally conserved in 
cyanobacteria. The number of Ca 2+ sites in higher 
plant PSII-enriched membranes has been determined 
to be 2 (in earlier studies sometimes 3, see Refs. 
[2,40,54]). Only one Ca 2+ has been found in PSII 
core preparations [58,82] and cyanobacterial PSII 
[104]. This is consistent with findings that only one 
Ca 2+ is involved in oxygen evolution [40,174]. The 
second Ca 2+ binding site seems to be located on an 
antenna protein [82,231], possibly CP29 [96]. An 
effect of Ca 2+ on oxygen evolution was also ob- 
served in the absence of the 33 kDa polypeptide, 
indicating the presence of a Ca>-binding site in- 
volved in oxygen evolution on the intrinsic poly- 
peptides [153,171]. However, this site might be dif- 
ferent in the presence and absence of the 33 kDa 
protein. It was suggested that the Ca2+-binding site 
involved in oxygen evolution might be located in 
50 A. Seidler / Biochimica et Biophysica Acta 1277 (1996) 35-60 
between the extrinsic 33 kDa protein and an intrinsic 
PSII subunit [244]. The idea of an involvement of the 
33 kDa protein in Ca2+-binding was supported by the 
finding that the psbO--strain of Synechocystis PCC 
6803 is much more sensitive to the depletion of Ca 2 + 
from the growth medium than the wild-type [63,180]. 
Under the assumption that a depletion of Ca 2+ in the 
growth medium corresponds to a lowered intramolec- 
ular Ca 2+ level, this observation might be an indica- 
tion of a lower binding affinity of PSII for Ca 2+ in 
the absence of the 33 kDa protein. However, it is also 
possible that in the absence of the 33 kDa protein an 
elevated level of Ca 2+ protects the manganese cluster 
from being over-reduced or reduced manganese from 
being released from PSII. 
Recent studies on the effect of the 33 kDa protein 
on Ca2+-binding revealed that it is bound to PS|I 
with high affinity [43]. Moreover, as already ob- 
served in PSII lacking the 23 and 16 kDa proteins but 
retaining the 33 kDa protein, Ca 2+ cannot be ex- 
tracted by chelators in the S j and only partially in the 
S2-state of the manganese cluster [197]. The most 
rapid release of Ca 2+ seems to occur in the S3-state, 
whether or not the 33 kDa polypeptide is present. 
Therefore, the 33 kDa polypeptide seems not to be 
involved in Ca2+-binding. 
Adelroth et al. [2] found by equilibrium dialysis 
that only 0.3 Ca 2+ per PSII could be bound after 
removal of the 33 kDa polypeptide. This might be 
interpreted as a drastic reduction of the binding affin- 
ity for Ca 2+ due to the removal of the 33 kDa 
polypeptide. However, in their preparation o Ca 2+- 
depletion was carried out prior to the equilibrium 
dialysis. From the recent finding of the tight binding 
of Ca 2+ even in the absence of the 33 kDa protein 
[42,197], it seems possible that on the time scale of 
the measurements the majority of the PSII reaction 
centres which still contained Ca 2+ did not exchange 
the metal ion. The 0.3 Ca 2+ per reaction centre might 
correspond to the fraction of centres which lost the 
Ca 2+ during sample preparation. This would be con- 
sistent with the fit of the data to 0.2 Ca 2+ with a 
binding constant of 100 /,~M, which is in the same 
order of magnitude as in PSII carrying the 33 kDa 
polypeptide. 
In conclusion, there is little possibility for the 33 
kDa polypeptide to contain the CaZ+-binding site 
which is involved in oxygen evolution. If the 33 kDa 
polypeptide contains a Ca2+-binding site, it is of 
rather low affinity and has thus far escaped etection. 
Since in the absence of the 33 kDa polypeptide the 
Ca2+-binding site in the S 1-state of the manganese 
cluster is not accessible to EGTA [197], it is also 
unlikely that the CaZ+-binding site is shared between 
an intrinsic PSII subunit and the 33 kDa protein. 
The 33 kDa polypeptide does not seem to be 
involved in manganese binding either, although the 
available data do not exclude the possibility that a 
manganese ligand from the 33 kDa polypeptide is 
replaced by CI- when the 33 kDa polypeptide is 
absent. The 33 kDa polypeptide is involved in stabili- 
sation of the manganese cluster and protects it from 
the attack by endogenous reductants. It also effects 
the conformation of the lumenal side of intrinsic PSII 
subunits which are responsible for binding of the 23 
and 16 kDa polypeptide (see Section 4.1.1). 
4.2.4. The function of the 33 kDa polypeptide in 
photoactiL, ation 
Photoactivation is the light-induced evelopment 
of oxygen-evolving activity in PSII. In this process 
manganese ions become ligated to preformed PSII 
due to photooxidation of Mn 2+. Photoactivation i
PSII can occur in vivo (at least in cyanobacteria, see 
Section 4.2.2) and in vitro [214,215], without the 33 
kDa polypeptide. However, in the in vitro experi- 
ments maximal activity could be obtained with 300 
mM C1- in the presence of the 33 kDa polypeptide, 
but l M C1- was required in its absence [157]. 
Besides a stabilisation of the formed manganese clus- 
ter by a C1--concentration higher than 100 mM [159], 
there seems to be an additional effect of the C1 -ion 
in photoactivation which can compensate for the 
absence of the 33 kDa polypeptide. This can be either 
due to the fact that CI- acts as a chaotroph at high 
concentrations disrupting hydrophobic interactions 
[157], or due to a charge effect where C1- replaces 
the 33 kDa polypeptide which is rich in negatively 
charged amino acid residues. 
The psbO gene has been deleted in mutants of 
Synechocystis PCC 6803 carrying mutations in the 
psbA gene encoding the D1 protein [45]. Time-re- 
solved fluorescence measurements after flash-induced 
charge separation were carried out in order to deter- 
mine the number of centres which contained photoox- 
idisable manganese. In psbO+-strains, it was found 
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that mutagenesis of aspartic acid 170, glutamic acid 
333, and histidines 332 and 337 led to a loss of 
oxygen evolution and a drastic decrease of man- 
ganese photooxidation [44]. When, however, the same 
mutants were generated in a psbO--background, 
higher levels of manganese photooxidation were 
found [45]. It was concluded that the 33 kDa polypep- 
tide hinders the access of Mn 2+ to the high affinity 
binding site where it can become photooxidised. For 
spinach PSII lacking the manganese cluster, it has 
been shown that this polypeptide has no influence on 
the oxidation of Mn 2+ by Tyrz + [87]. Therefore, the 
33 kDa polypeptide seems to be involved in (a) later 
step(s) of photoactivation. 
4.3. The function of the low potential cytochrome 
c-550 and the 9-12 kDa polypeptide 
The association of cytochrome c-550 and a 9 kDa 
polypeptide with PSII was first found in Phormidium 
laminosum [29,209], although at the time it was not 
clear whether the cytochrome was a true subunit of 
PSII. Treatment of PSII of this strain with 1 M NaC1 
or incubation in a glycerol-free medium led to a 
decrease in oxygen evolution and to a release of a 9 
kDa polypeptide [209]. The lost activity could be 
partially restored by rebinding of the protein [184]. 
Recently, cytochrome c-550 has been found in 
Synechococcus L, ulcanus [202], Synechococcus PCC 
7002 [165], Synechocystis PCC 6803 [102,205], and 
the red algae Cyanidium caldarium [61]. A refined 
preparation of PSII from S. vulcanus and C. caldar- 
ium contained the cytochrome c-550 and a 12 kDa 
polypeptide homologue of the 9 kDa polypeptide of 
P. laminosum. Unlike the 9 kDa polypeptide of P. 
laminosum, the 12 kDa polypeptide of S. ~'ulcanus 
and C. caldarium could not be released by 1 M NaC1 
or incubation in glycerol-free buffer but only by 
treatment with 1 M CaC12 [202], urea/NaC1 [61] or 1 
M Tris (pH 8.5) [61,202], with concomitant release of 
the 33 kDa polypeptide and cytochrome c-550. The 
release of cytochrome c-550 and the 12 kDa polypep- 
tide was accompanied by a loss of activity. CaC12- 
washed PSI1 of S. ~,ulcanus showed only 10% of the 
activity of intact PSII (in the presence of 10 mM 
Ca -,+ and 120 mM C1-) [203]. Rebinding of the 33 
kDa polypeptide restored 47% of the activity, addi- 
tional rebinding of cytochrome c-550 increased the 
activity to 57%, and after rebinding of all three 
polypeptides 79% of the activity was reached. All 
activity measurements of reconstituted PSII were per- 
formed in the presence of 10 mM Ca 2+ and 30 mM 
C1-. In the absence of the 33 kDa polypeptide, 
addition of either the cytochrome or the 12 kDa 
polypeptide or both to CaCl2-washed PSII did not 
restore any activity. Whereas the cytochrome could 
rebind to PSII in the absence of the 33 kDa polypep- 
tide, although with lower affinity, the 12 kDa 
polypeptide could not. The 12 kDa polypeptide re- 
quired both of the other extrinsic proteins for rebind- 
ing [203]. Measurements of oxygen evolution with 
non-saturating light intensities howed that the lack 
of the cytochrome and the 12 kDa polypeptide did 
not result in a reduction of the S-cycle turnover ate 
but rather to a lowering in quantum yield of PSII. 
The activity was stimulated in all preparations by 
divalent cations whatever the composition of the 
extrinsic polypeptides. Ca 2+ is more effective than 
Mg -'+ but a significant stimulation of activity also 
occurred with Mg 2+, indicating a different, more 
structural role of the divalent cation in PSII from S. 
t,ulcanus and other thermophilic cyanobacteria 
[178,184,209] or C. caldarium [61] compared to Ca 2+ 
in PSII of higher plants. 
Recently cytochrome c-550 has been found in the 
mesophyllic yanobacteria Synechocvstis PCC 6803 
[102,132,205] and Synechococcus PCC 7002 [165] 
and the genes were cloned. The two published se- 
quences for the psbV genes from Synechocystis PCC 
6803 differ in their 5'-end. Only Shen et al. [205] 
found a coding region for a thylakoid transfer pep- 
tide. However, the gene of cytochrome c-550 from 
Synechococcus PCC 7002 was also found to contain 
the coding region for a signal peptide. Moreover, the 
sequence found by Kang et al. [102] did not contain a 
typical start codon. The DNA sequence in Ref. [102] 
differs from the sequence in Ref. [205] only in one 
additional base causing a frame shift in the coding 
region for the thylakoid transfer peptide. 
A cytochrome c-550 was found in a PSII prepara- 
tion from Synechocystis PCC 6803 [132]. However, 
the most pure but still oxygen-evolving PSII prepara- 
tion from this cyanobacterial strain does not contain 
this subunit [218], suggesting a rather loose associa- 
tion with the photosystem (see also Section 2). 
Cytochrome c-550 could be removed from thyl- 
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akoid membranes of Synechococcus PCC 7002 by 
treatment with 0.1% Triton X-100 [165]. Rebinding 
of cytochrome c-550 stabilises PSII against heat inac- 
tivation [165]; however, the effect of the release of 
the protein on oxygen evolution was minor and could 
not be restored by rebinding of the protein. 
In Synechocystis PCC 6803 the role of cytochrome 
c-550 was studied by deletion of the gene [205]. The 
deletion strain showed a doubling time which was 
more than twice that of the wild-type when photoau- 
totrophically grown and the number of PSII reaction 
centres was only half of the wild-type. On a chloro- 
phyll basis the oxygen-evolving activity of the mu- 
tant was found to be around 42% of the wild-type. 
Therefore, the major reduction of the oxygen-evolv- 
ing activity is due to a decreased stability of the PSII 
reaction centre and the activity per reaction centre is 
not or only slightly diminished. 
A double-deletion strain lacking the psbV and 
psbO genes did not grow photoautotrophically and 
contained only 20% of PSI! compared to the wild-type 
strain [200]. The initial rate of oxygen evolution was 
only 8% of the wild-type and declined rapidly. 
In summary, cytochrome c-550 seems to be neces- 
sary only for the conformational integrity of PSII 
rather than being directly involved in the enzyme 
activity itself. In mesophyllic yanobacteria, the in- 
fluence of the protein on oxygen evolution seems to 
be negligible. Only the stability of PSII is affected. In 
PSII from S.vulcanus, and perhaps also in PSII from 
other thermophilic cyanobacteria, the influence seems 
to be stronger since the quantum yield of PSII is 
reduced. This could result from a reduction of (an) 
electron transfer step(s) allowing some charge recom- 
bination to occur. Alternatively, the release of cy- 
tochrome c-550 could induce partial disconnection of
antenna proteins from the reaction centre. 
5. The binding sites of the extrinsic polypeptides 
5.1. The binding site of the 33 kDa polypeptide 
The region of the 33 kDa protein that is involved 
in binding to PSII has been suggested to lie near its 
N-terminus ince removal of the first 16 or 18 amino 
acid residues by limited proteolysis led to a loss in its 
binding capability [56]. However, a recent study sug- 
gests that the deletion of the N-terminal part of the 
protein results in a conformational change of the 
binding region of the 33 kDa polypeptide to PSI! 
[199]. 
After treatment of PSII with trypsin, a 15 kDa 
fragment of the 33 kDa polypeptide was still bound 
to PSII. This fragment was supposed to contain the 
binding site of the polypeptide to the PSI! [226]. 
However, it cannot be excluded that more fragments 
remained bound to PSII and were too small to be 
detected by gel electrophoresis. 
The binding sites of the 33 kDa polypeptide at 
PSI! have been studied by accessibility studies, im- 
munoprecipitation a d cross-linking. In addition its 
location has been assigned in recent electron micro- 
scope pictures of PSII. As a result multiple binding 
sites have been suggested. 
5.1.1. Binding of the 33 kDa polypeptide to D1 / D2 
/ cyt b-559 / Psbl 
Removal of the 33 kDa protein from inside-out 
thylakoid membrane vesicles led to an increased ac- 
cessibility of the D1 reaction centre subunit to anti- 
bodies raised against he predicted lumenal oops of 
this protein [191]. Moreover, it has been reported that 
after cross-linking of the 33 kDa protein a man- 
ganese-containing protein complex consisting of the 
33 kDa protein and the D1/D2 reaction centre het- 
erodimer could be isolated [140]. The isolated 
D l /D2/cyt  b-559/PsbI complex has also been re- 
ported to be able to bind the 33 kDa polypeptide 
[34,76], but the specificity of the binding could not be 
proven. 
5.1.2. The binding of the 33 kDa polypeptide to 
cytochrome b-559 
Cross-linking studies with PSII complexes lacking 
LHCII with hexamethylene diisocyanate, a cross-lin- 
o 
king agent with a spacer length of 11 A, led to 
covalent binding of the 33 kDa polypeptide with the 
c~-subunit of cytochrome b-559 and the PsbI protein 
[62]. Trypsin treatment of PSII in the presence of the 
33 kDa polypeptide did not affect the cytochrome 
b-559. However, in its absence the a-subunit of the 
cytochrome is degraded [211]. Recently it was found 
that the C-terminus of the a-subunit of cytochrome 
b-559 could be deleted without affecting normal 
function of PSII [212]. This result is not consistent 
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with the idea that the 33 kDa polypeptide is bound to 
cytochrome b-559 (n.b., the /3-subunit most likely 
has only a single amino acid residue exposed on the 
lumenal side and thus makes an unlikely cross-lin- 
king partner). However, the results of Tae and Cramer 
[212] have been questioned [207]. 
5.1.3. The binding of 33 kDa polypeptide to CP47 
There are several ines of evidence indicating that 
the 33 kDa polypeptide binds to the chlorophyll 
a-binding protein CP47: (1) The extrinsic polypeptide 
shields CP47 from proteolytic attack [31], although 
the increase in accessibility to external proteases was 
reported to be more pronounced for CP43 [97] (see 
below). (2) Removal of the 33 kDa polypeptide and 
two out of four manganese ions was necessary before 
lysine residues on the large lumenal oop between the 
putative transmembrane helices 5 and 6 of CP47 
could be labelled with NHS-biotin [32,66]. (3) Dele- 
tion of short parts (4-13 amino acid residues) of the 
large hydrophilic loop of CP47 led to a decreased 
binding of the 33 kDa polypeptide, particularly in the 
region of residues 373-392 [57,73,74,78]. (4) The 33 
kDa polypeptide and CP47 could be cross-linked by 
EDC, a water-soluble carbodiimide [32,59]. In con- 
trast to all other cross-linkers, EDC connects only 
proteins which are in Van der Waal's contact o each 
other. Since EDC is highly substrate-specific (carbo- 
xylic acid side chains become covalently bound to 
primary amines), only a few interacting sites are 
cross-linked by EDC. The cross-linked sites were 
mapped by chemical cleavage of one of the two 
cross-linked products and subsequent N-terminal se- 
quencing of the isolated peptides. It was found that a 
residue on the N-terminal fragment of 88 amino acid 
residues of the 33 kDa polypeptide was cross-linked 
to a residue on the large lumenal oop between the 
putative transmembrane helices 5 and 6 of CP47, 
probably in the region between amino acid residues 
360 and 420 [167]. Recently, it was found that only 
the carboxylic acid side chains of the 33 kDa 
polypeptide were involved in the cross-linking to 
CP47 (A.S., submitted). From this result together 
with the results of the mutational analysis of CP47 
and the mapping of the cross-linking sites by N- 
terminal sequencing [167], it can be concluded that 
(one of) the lysine residue(s) of CP47 involved in 
cross-linking to the 33 kDa polypeptide may be 
K389. 
5.1.4. Binding of the 33 kDa polypeptide to CP43 
Binding of the 33 kDa polypeptide to CP43 has 
also been suggested. Removal of the 33 kDa polypep- 
tide increases the susceptibility of CP43 to prote- 
olytic attack, whereas the susceptibility of CP47 was 
only slightly increased [98]. 
5.1.5. The binding of the 33 kDa polypeptide in 
mutants of Synechocystis PCC 6803 lacking intrinsic 
PSII subunits 
Deletion of all three copies of the psbA gene 
encoding the D1 reaction centre subunit led to a 
strong decrease in the subunits D2 and the chloro- 
phyyll a-binding protein CP47 in the thylakoid mem- 
brane. However, the 33 kDa polypeptide remained 
tightly bound to the membrane [164]. This extrinsic 
polypeptide could not be released by treatment with 1 
M Tris and concomitant sonication. Therefore, it was 
suggested that one or more of the remaining trans- 
membrane subunits, such as cytochrome b-559 or 
CP43, might be involved in binding of the 33 kDa 
polypeptide. Ikeuchi et al. [94] found that the 33 kDa 
polypeptide was still present in thylakoid membrane 
preparations from mutants of Synechocystis PCC 
6803 lacking the gene(s) for either D1, CP47, CP43, 
D2 + CP43 or the psbEFLJ operon or expressing an 
extremely unstable mutant of D2, even after treat- 
ment with 0.1% dodecyl maltoside. These findings 
are in conflict with recent findings showing that the 
33 kDa polypeptide can be released from thylakoid 
membranes of cells containing short deletions in the 
psbB gene encoding CP47 by treatment with 0.03% 
dodecyl maltoside [73]. The apparent discrepancy 
between Refs. [73] and [94] might be explained by 
the fact that in Ref. [73] thylakoid membranes have 
been used for the Western blots which were stored 
frozen, whereas in Ref. [94] the membranes used 
were freshly prepared (J.R. Shen, personal communi- 
cation). Freezing and thawing of the thylakoid mem- 
branes might have disrupted the membrane vesicles 
so that after the following washing with detergent, 
weakly bound 33 kDa protein was released from the 
membrane. On the other hand, the treatment of freshly 
prepared thylakoid membranes with 0.1% dodecyl 
maltoside might not have allowed the solubilisation 
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of the thylakoid membrane at the chlorophyll-to-de- 
tergent ratio applied so that unbound 33 kDa 
polypeptide was not released from the thylakoid 
membrane vesicles (J.R. Shen, personal communica- 
tion). However, although the discrepancy to Ref. 
[164] remains, it seems likely that the 33 kDa protein 
requires an intact PSII reaction centre for tight bind- 
ing. The same was found for PSII from higher plants 
(reviewed in Ref. [11]). 
5.1.6. The location of the 33 kDa protein by electron 
microscopy 
Recently low resolution projection maps of PSII 
were obtained (see Section 2) where certain regions 
were assigned to PSII subunits. According to this 
assignment, he 33 kDa polypeptide is located close 
to the D I /D2  reaction centre subunits and CP47 
[21]. 
In conclusion, the main binding site for the 33 kDa 
polypeptide seems to be located on CP47. Other 
subunits cannot be excluded from also being involved 
in binding but further investigations are necessary to 
prove this. 
5.2. The binding sites of the 23 kDa and the 16 kDa 
polypeptides 
Like the N-terminus of the 33 kDa polypeptide, 
the N-terminus of the 23 and the 16 kDa polypeptide 
can be removed by limited proteolysis [118,149]. 
Whereas the removal of 8 residues from the N- 
terminus of the 23 kDa polypeptide led only to a 
moderate decrease of its binding affinity to PSII, 
removal of 13 residues from the N-terminus of the 16 
kDa polypeptide led to a total loss of its binding to 
PSII. Therefore, it has been suggested that the N- 
terminus of the 16 kDa polypeptide might be in- 
volved in binding to PSII. 
There is some discrepancy in the literature on 
whether the 33 kDa polypeptide is absolutely re- 
quired for the binding of the 23 and 16 kDa poly- 
peptides. It was found that the 23 kDa polypeptide 
could not be rebound to Tris-washed inside-out thyl- 
akoid membrane vesicles [9]. The same has been 
observed with PSII-enriched membranes after re- 
moval of the 33 kDa polypeptide by CaC12-treatment 
[105]. Therefore, it was suggested that the 33 kDa 
polypeptide provides the binding site for the 23 kDa 
polypeptide but it could not be excluded that binding 
of the 33 kDa polypeptides creates the binding site(s) 
for the 23 kDa polypeptide due to a conformational 
change in intrinsic membrane protein(s). In a study 
where the extrinsic polypeptides were removed by 
urea/NaC1 treatment, he 23 kDa polypeptide could 
be rebound to PSII, although only in substoichiomet- 
ric amounts and the affinity was lowered [155]. The 
finding that the 33 kDa polypeptide could be ex- 
tracted by water-butanol phase partitioning [238], or 
partially extracted by treatment with Hg 2+ [16] with- 
out concomitant release of the other extrinsic poly- 
peptides, also supports the idea of separate binding 
sites for the 33 and 23 kDa polypeptides. Moreover, 
in a mutant of Chlamydomonas reinhardtii lacking 
the ability to synthesise the 33 kDa polypeptide, the 
23 and 16 kDa polypeptides are still bound to the 
thylakoid membrane [53]. 
In a mutant of the same strain, which is not able to 
synthesise the 23 kDa polypeptide, the 16 kDa 
polypeptide was not found to be bound to the thyl- 
akoid membrane [53], indicating that the 16 kDa 
polypeptide is bound to PSII via the 23 kDa polypep- 
tide. Again, it cannot be excluded that the binding 
site of the 16 kDa polypeptide is located on an 
intrinsic subunit of PSII which changes its conforma- 
tion due to binding of the 23 kDa polypeptide to 
PSII. 
In mutants of Chlamydomonas reinhardtii, which 
are unable to synthesise the D1 reaction centre sub- 
unit or CP43, no functional PSII could be observed. 
However, immuno-gold labelling of the 23 kDa pro- 
tein in the D l-less mutant revealed the protein mainly 
located in the stacked region of the thylakoids, 
whereas the protein was found randomly distributed 
in the thylakoids of the CP43-1ess train [53]. Conse- 
quently, it has been suggested that CP43 might pro- 
vide a binding site for the 23 kDa protein. 
In the early experiments using EDC cross-linking, 
no cross-linked product involving the 23 kDa (or 16 
kDa) polypeptide was found. This was somewhat 
surprising since the two extrinsic polypeptides can be 
released from PSII by washing with I M NaC1, 
indicating that their binding was mainly of an electro- 
static nature. Recently it was discovered that the 
interacting sites are not accessible to EDC (A.S., 
unpublished). In experiments where carboxylic acid 
A. Seidler / Biochimica et Biophysica Acta 1277 (1996) 35-60 55 
groups of PSII lacking the 23 and 16 kDa poly- 
peptides were activated with EDC and Sulfo-NHS 
before rebinding the 23 kDa polypeptide, cross-lin- 
king of the 23 kDa polypeptide to cytochrome b-559 
and other intrinsic PSII subunits occurred (A.S., un- 
published). 
Cross-linking of the 23 kDa polypeptide to the 33 
and the 16 kDa polypeptides using activated icar- 
boxylic acids with a length of 6 to 11 ,~ has been 
reported, indicating that the three extrinsic poly- 
peptides must be located close to each other [60]. 
Early studies suggested the involvement of a 22 
and a 10 kDa subunit in the binding of the 23 kDa 
polypeptide [130,131]. During the 1980's, increas- 
ingly smaller complexes of PSII still capable of 
oxygen evolution were prepared. The smallest com- 
plex still able to bind the 23 and 16 kDa polypeptides 
consisted of the D1 and D2 proteins, cytochrome 
b-559, CP47, CP43, CP29, the intrinsic 22 kDa pro- 
tein and the extrinsic 33 kDa polypeptide [69,142]. 
However, the 10 kDa and 22 kDa proteins, as well as 
CP29, can be removed from PSII without affecting 
the binding of the 23 and 16 kDa polypeptides 
[146,147]. Therefore, the loss of binding ability for 
the 23 and 16 kDa polypeptides in an oxygen-evolv- 
ing complex consisting of the D1 and D2 proteins, 
cytochrome b-559, CP47, CP43 and the 33 kDa 
extrinsic polypeptide might be due to a conforma- 
tional change within the complex rather than due to 
the absence of the intrinsic subunit(s) involved in 
their binding in vivo. 
The exact binding sites for the 23 and 16 kDa 
polypeptides still remains to be elucidated since all 
published ata constitute rather indirect evidence for 
binding to a certain subunit. It is likely that they are 
bound to intrinsic subunits of PSII and not to the 33 
kDa polypeptide. 
5.3. The binding sites of the low potential cytochrome 
c-550 and the 9-12 kDa polypeptide 
The binding sites of cytochrome c-550 and the 12 
kDa polypeptide of Synechococcus vulcanus have 
been studied by cross-linking using EDC [83]. Cy- 
tochrome c-550 could be cross-linked to the reaction 
centre subunit D2 as well as to the 33 kDa and the 12 
kDa polypeptide. The 12 kDa polypeptide was cross- 
linked to the cytochrome only. In addition, cross-lin- 
ked products consisting of D2, cyt c-550 and the 12 
kDa polypeptide as well as of the 33 kDa polypep- 
tide, cyt c-550 and the 12 kDa polypeptide were 
found. Since no cross-linked products of the 12 kDa 
and the 33 kDa polypeptide and the 12 kDa polypep- 
tide and D2 were found, it was assumed that the 12 
kDa polypeptide binds only to cyt c-550. 
6. Conclusions 
Two main aspects of the 33, 23 and 16 kDa 
extrinsic polypeptides have been discussed in this 
review. One was their biogenesis and import into the 
thylakoid lumen, the other their function. Enormous 
progress was made in the last few years on the study 
of the import of the proteins. A new import system 
was discovered which is fundamentally different from 
the bacterial-type, Sec-related translocation system. 
The 23 and 16 kDa polypeptides, as well as PSII-T 
and PsaN and probably many other yet unknown 
lumenal proteins, are transported by this import sys- 
tem into the thylakoid lumen. 
The biochemical studies on the extrinsic poly- 
peptides, especially the dissociation and reconstitu- 
tion experiments have provided much information 
concerning the function of Ca 2+ and C1- in oxygen 
evolution, although the function of C1- is still rather 
enigmatic. The biochemical approach as better de- 
fined the function of the 23 and 16 kDa polypeptides: 
the 23 kDa polypeptide prevents Ca 2+ from being 
released from PSII during the enzyme turn-over; both 
polypeptides increase the binding affinity of C1- for 
PSII; they protect he manganese complex from at- 
tack by reductants and other compounds; they sta- 
bilise the manganese cluster. The role of the 33 kDa 
polypeptide remains more unclear. All findings are 
consistent with the following simple interpretation: it 
stabilises the manganese complex by stabilising the 
protein(s) involved in manganese binding and is not 
involved in binding of an inorganic ofactor such as 
Ca 2+ or  Mn. However, one could imagine a quite 
more specific role in oxygen evolution including that 
the protein provides ligands to manganese but this 
remains to be proven. A clear answer can probably be 
given only by a high resolution crystal structure of 
oxygen-evolving PSII. 
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7. Note added after the revised manuscript was 
finished 
The following publications appeared after the 
manuscript was finished. Nakazato et al. (1996, J. 
Mol. Biol. 257, 255-232) reported the isolation of an 
oxygen-evolving PSII core complex lacking the in- 
trinsic 22 kDa polypeptide but retaining the 23 and 
16 kDa extrinsic polypeptides, confirming that the 22 
kDa polypeptide is not involved in the binding of the 
latter. Betts et al. (1996, Biochim. Biophys. Acta 
1274, 135-142) reported that mutagenesis of the two 
cysteines of the 33 kDa polypeptide did not prevent 
binding of the protein to PSII and had no influence 
on oxygen evolution. The same authors reported also 
on a cold-sensitive assembly mutant of the 33 kDa 
protein (1996, Biochemistry 35, 6302-6307). 
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